INTRODUCTION
In a recent some of the authors introduced a technique for making optical measurements within cavities. The key to the technique was the use of a special panoramic annular lens (PAL) that consists of a single piece of glass with spherical surfaces that produces a flat annular image of the entire 360-deg surround of the optical axis of the lens with a field of view extending from about 50 deg off-axis to about 100 deg off-axis, and that has a depth of field extending from the surface of the PAL to infinity. Figure 1 is a photograph of Lincoln Center taken with the PAL pointed toward the sky and shows the type of imaging that occurs. The mapping performed by the PAL to produce the annular image is called flat cylindrical perspective (FCP) , in which all parallel rays are focused to a single point, unlike the traditional perspective technique in which parallel lines with different directions are focused to different points on a line (the horizon).2'3 Figure 2 shows a diagram representing flat cylindrical perspective and the limiting angles involved in determining the field of view. Obviously, it would be desirable to make a large and 3 small, so as to maximize the viewed surface, but restrictions are imposed on the values of these parameters by the limited range of values of the index of refraction that can be obtained in commercially available glasses. The width of the annular FCP image corresponds to the size of the acceptance angle a, and each concentric ring in the image plane is the locus of points recorded at a fixed angle to the optical axis. Note that since the central portion of the lens is not used to form the Paper 2903 received April 25, 1990; revised manuscript received April 3, 1991 ; accepted for publication April 5, 1991 . This paper is a revision of paper 1164-33 presented at the SPIE conference Surface Characterization and Testing II, August 1989, San Diego, Calif. The paper presented there appears (unrefereed) in SPIE Proceedings Vol. 1164.
1991 Society of Photo-Optical Instrumentation Engineers.
image, the coating over this region of the lens could be cornpletely removed so that the region could be used for special purposes. In various tests and experiments performed so far, the PAL has been used not only as a profilometer but also to make holo-interferograms and specklegrams .'
Measurements of cavity interior surfaces are important in many areas. For example, the infiltration and inflow of ground water into sewer lines and the maintenance of collection systems present major problems to a civil engineer. These problems have led to the development of pipeline television systems that are used to inspect sewer lines as part of new construction acceptance programs, or to troubleshoot a collection system for leaking joints, root intrusion, and protruding taps. Radial metrology, as proposed in this paper, enhances visual inspection and will allow a variety of measurements to be performed, including the lo-OPTICAL ENGINEERING / October 1991 / Vol. 30 No. 10/ 1455
Abstract. Radial metrology combines standard optical measurement techniques with a unique panoramic annular lens (PAL) system to study material properties and deformations on the inner surfaces of the cavities found, for example, inside pipes, tubes, and boreholes. A PAL profilometer using speckle metrology is analyzed and the equations obtained from the analysis are used to calibrate the PAL profilometer when it is used to profile the inner surface of a cylindrical pipe and to measure the deformation of the pipe when it is subjected to diametral compression.
Subject terms: radial metrology; panoramic inspection; cavity and borehole in- cation and size of hairline cracks , the position of offset joints, and the detection of lost aggregate in concrete pipe. Other important engineering applications involve cases where chemical deposits cause corrosion, or where combinations of thermal and mechanical stresses cause wear or produce cracks . Such conditions are typically encountered in nuclear power plants and in rocket engines where many components, designed to function at high temperatures and pressures, must be periodically inspected to avoid catastrophic failures. Radial metrology can also be used to identify parts that are out of tolerance and could potentially be used in biomedical applications to contour internal organs and arteries.
Many other techniques, including photogrammetry,5'6 shadow moiré,79 and projection speckle methods,1012 have been applied for profiling, and some of these techniques have been combined with computer methods6'8'9'11'12 to produce machine vision systems capable of acquiring one or more images of an object by an optical noncontact sensing device. In these machine vision systems, various characteristics of the acquired images are studied to measure deflections or to predict the surface contour. However, the techniques listed above have been applied mainly to study the outer surfaces of structural components. In general, the associated measuring system relies on a large number of optical and electronic components, many of which are difficult to miniaturize. Although optical fibers offer potential for mmiatunzation and could be incorporated into such systems to make measurements of remote surfaces , fiber-based systems (as well as the more conventional non-fiber-based systems) suffer from a limited field of view. This presents a problem, for example, when profiling the inner wall of a pipe. In this case, the imaging device would have to be translated along, and rotated around, the optical axis of the device to examine all points on the inner surface of the pipe; constraints that severely limit functional and real-time capabilities.
Ideally, a device for making measurements of the inner surface of a cavity should be rugged, compact, and capable of obtaining an unobstructed, complete, and comprehensive image of the cavity space in every direction. Unfortunately, it is virtually impossible to develop a practical device capable of recording such a sphere of vision. However, many cavities can be regarded as cylindrical rather than spherical volumes, and visual information can be mapped by a PAL into a flat annular image, creating a 2-D representation of the 3-D cylindrical surface .
2 Figure 3 shows some rays traced through the PAL and the location of the virtual image formed by the lens.
Although there are many applications that could exploit the unique characteristics of the PAL, one obvious application is profilometry. Figure 4 is a schematic of an optical configuration using two opposing collinear PALs that is currently being evaluated for profiling. A physical setup incorporating the device is shown in Fig. 5 . The device, called a radial profilometer, is inserted into a cylindrical cavity. A collimated beam of structured light representing a random speckle pattern is then introduced into the system at the left and the first PAL projects the speckle pattern onto the walls of the pipe. The second PAL picks up the scattered light and transmits it through a transfer lens to a CCD camera. The CCD imaging system transmits the image to a computer where changes in the image can be recorded and analyzed using digital acquisition and processing techniques.
Section 2 analyzes measurements made with the radial profilometer. This analysis is followed by a description of the calibration procedure and of the test made to measure the deformation of the pipe. The displacement along the z direction is mapped into the image plane where a corresponding displacement ' occurs along the radial distance r' . The relation between and ' can be described by some mapping function g as follows:
= g(') .
(2)
This function takes into account the magnification factor and includes the FCP mapping used to create a 2-D representation of the 3-D cylindrical surface. Ideally, one would like to design a radial profilometer so that the nonlinear effects inherent in Eqs. (1) and (2) compensate one another over as large a range as possible such that a linear relation can be specified between radial distances r in object space and radial distances r' in the annular image plane, such that r=Cr'+b, (3) 2. ANALYSIS Figure 6 defines the Cartesian and cylindrical coordinate systems used for subsequent analysis. It is assumed that two opposing collinear PALs are aligned with their optical axes along the z direction; point S corresponds to the point of intersection formed by tracing the ray reflected from point P back to the optical axis of the source PAL (see Fig. 4 ). Light is projected to point P at an angle and the image of the illuminated surface is captured by the second PAL. Although the depth of field extends from the surface of the PALs out to infinity, the range over which measurements can be made depends on the geometry of the system, since the two PALs must be positioned so that the projected images of the initial and displaced speckle patterns are both captured in the image plane. The angle at which the reflected ray is reflected to the second PAL is measured with respect to a radial line lying in the r-z plane. When the surface moves through a displacement along the radial direction r, the projected speckle pattern appears to shift along the z direction through a displacement w. The relationship between the radial displacement and the longitudinal displacement w is given by w -tan(90-y) + tan (1) where C and b are constants.
By measuring r' and knowing C and b, Eq. (3) can be solved for r. Once r is established, the z coordinate of the illuminated point can be calculated using z = r/tany .
(4)
Since the speckle pattern moves as the shape of the cavity changes, the variation in cavity shape can be measured by applying correlation techniques14 to the speckle patterns obtained before and after the cavity shape is modified. The apparent speckle movement can be computed by numerically correlating small subsets (windows) extracted from each pattern. These shifts can be used to measure surface deflections or to contour the cavity with respect to a reference shape.
Digital correlation is a method of pattern recognition in which a small subset of an initial image is located in a second (deformed or displaced) image. A standard equation used to determine the correlation coefficient p for a window centered over location (m,n) in the displaced image is15
where f(x,y) are the intensity values of the second image for those locations under the window values w(x,y) as the window is moved over a suitably chosen search range (x,y); <f> is the average intensity value of the region located under the window and <w> is the average intensity value of the window. The maximum correlation value indicates the best match of the chosen subset from the initial image as located in the second image.
EXPERIMENT
An experiment was performed to illustrate the calibration procedure. Two 30 mm (1 . 18") diameter PALs, spaced at a distance of 47.63 mm (1 .875") apart, were positioned with their optical axes aligned with the z axis of the coordinate system shown in 875") long section of the pipe using a slide projector and one of the PALs. The speckle pattern with the pipe in its initial position was captured through the second PAL, digitized using a CCD camera, and stored as a digital array of 256 x 256 pixels with each pixel assigned a gray level ranging from 0 to 255 . A second image was recorded after the pipe was translated along the x axis through a displacement u equal to 10.16 mm (0.4"). Figure 7 shows a photograph of the FCP image of the speckle pattern recorded through the PAL with the pipe in its original position. The image was digitized so that the center of the annulus C was located at pixel coordinates C(125 , 129). A subset with dimensions equal to 1 1 x 1 1 pixels was extracted from the image for each of the points used to calibrate the system. Figure 8 shows the intensity distribution in a window selected at 0 = 0 deg with r' = 100 pixels. Ordinary correlation techniques were applied over a specified search region to determine the displacement of each subset in terms of pixel shift. The location of the displaced subset coincides with the point at which the correlation coefficient attains its maximum value. Figure 9 , for example, shows an orthographic projection at an angle of 30 deg and the corresponding direct view of the correlation coefficients obtained when the window shown in Fig. 8 was compared with regions of equal dimensions contained in the image recorded with the pipe in its displaced position. In this case, correlation values were obtained over a 20 x 20 pixel search region surrounding the point. The location corresponding to the peak correlation of 0.780 is readily apparent, even though it was the lowest value measured for all of the points included in the calibration study. The displacement of ' = 9.65 pixels occurred along the radial line originating from point C.
The calibration curve in Fig. 10 was established by assigning the initial value of r' (100 pixels) to the original value of r (the inner radius of the pipe; namely, R = 69.9 mm) and plotting r and 80.01 mm (3. 15"). In this range, the response is nearly linear. The slope of the curve represents the sensitivity s to which displacement is measured for the given value of r' . In Fig. 10 , for example, one pixel represents a radial displacement of approximately 1 .00 mm (0.040"); therefore, s = 1 pixel/mm.
When speckles are projected onto the cavity, the pixel shift is measured in the image plane along radial lines originating from point C; a peak correlation value of 1 .0 represents a perfect match. In general, the magnitude of the peak correlation decreases with increasing displacement. The predominant factor contributing to the progressive decrease in the peak correlation is attributed to the apparent change in the size of the speckles as they move in the FCP image. Speckles moving toward the center of the image are compressed, whereas speckles moving away from the center are elongated. This may place a restriction on the range over which displacements can be measured, since peak correlations of less than 0.7 are generally suspect. Future research will focus on the development of computer algorithms to remove this distortion. The procedure for obtaining the calibration curve for r' = 100 pixels can be repeated for any r' , since the cross section of the pipe is constant and radial displacements are independent of z. This allows a family of curves to be generated; Fig. 1 The fact that g(') is independent of 0 and can be written in closed form may significantly simplify the calibration procedure for other PAL systems, provided that they display similar linear responses. The calibration could be performed simply by positioning a flat card parallel to the z axis at a given 0. When the card is moved in the radial direction through a known displacement, the method of digital correlation could be applied along the corresponding radial line in the image plane to obtain the sensitivity as a function of r' , thereby acquiring sufficient information to formulate an expression similar to that shown in Eq. (6). The results obtained from calibration were used to measure the deformation of the pipe when it was subjected to diametral compression. For this test, the pipe was returned to its original position, midway between the PALs with its longitudinal axis along z. The bottom of the pipe was rigidly supported by the kinematic stage at 0 = 270 deg, while a radial displacement of 12.58 mm (0.50") was applied uniformly along the z direction at 0 = 90 deg. Figure 13 shows the results of measuring ' for points initially located at r' = 100 pixels and taken at lO-deg increments as 0 ranged from 0 to 360 deg. Figure 14 shows the deformation of the cross section. Results agree to within 5% of theory. 16 The calibration procedure is sufficient to define r for a given value of 0 and can be applied as illustrated to study deformations of a cavity when they are independent of z. In a more general case, the geometry of the cavity and the deformation will vary as a function ofz, and Eq. (4) must be used to completely analyze the cavity. This, in turn, requires a complete description of how the PAL projects speckles onto the cavity wall. A subsequent paper will address this issue.
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